The region of the Orgyia pseudotsugata multinucleocapsid nuclear polyhedrosis virus (OpMNPV) genome containing the ubiquitin and the nuclear matrixassociated protein (39K) genes was sequenced. The first 77 amino acids of the OpMNPV ubiquitin open reading frame (ORF) showed 84-4% and 79% amino acid sequence identity to Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) and the Spodopterafrugiperda insect ubiquitin, respectively. The predicted OpMNPV ubiquitin protein contains a 3' tail of 16 amino acids not present in the AcMNPV or S. frugiperda ubiquitin ORFs. The OpMNPV 39K ORF showed 56% amino acid sequence identity with the AcMNPV 39K ORF. Four additional ORFs from this region were also characterized.
The region of the Orgyia pseudotsugata multinucleocapsid nuclear polyhedrosis virus (OpMNPV) genome containing the ubiquitin and the nuclear matrixassociated protein (39K) genes was sequenced. The first 77 amino acids of the OpMNPV ubiquitin open reading frame (ORF) showed 84-4% and 79% amino acid sequence identity to Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) and the Spodopterafrugiperda insect ubiquitin, respectively. The predicted OpMNPV ubiquitin protein contains a 3' tail of 16 amino acids not present in the AcMNPV or S. frugiperda ubiquitin ORFs. The OpMNPV 39K ORF showed 56% amino acid sequence identity with the AcMNPV 39K ORF. Four additional ORFs from this region were also characterized. Guarino (1990) reported that the Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) contains a late-expressed gene that encodes a predicted protein with 76% amino acid sequence identity to the highly conserved ubiquitin sequence of animals. Immediately upstream and in the opposite orientation to viral ubiquitin is a gene that encodes a nuclear matrix-associated phosphoprotein (pp) with an M r of about 31K. This pp31 has recently been shown to be a component of the virogenic stroma and has been demonstrated to be a non-specific DNA-binding protein (Guarino et al., 1992) . This protein was originally called 39K.
In this report, we describe the sequence of the ubiquitin/39K gene region of the Orgyia pseudotsugata multinucleocapsid nuclear polyhedrosis virus (OpMNPV) and compare it to the corresponding region in AcMNPV.
For these studies a cloned isolate of OpMNPV (see Quant-Russell et al., 1987) was grown in Lymantria dispar cells that were propagated in T flasks using TNM-FH media (Summers & Smith, 1987) supplemented with 10% fetal bovine serum (FBS). The samples used for study of the time course of OpMNPV infection of L.
dispar cells are from Gross et al. (1993) . Samples were electrophoresed on 10% SDS-polyacrylamide gels (Laemmli, 1970) at 125 V for 1 h and were electroblotted
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onto nitrocellulose for 2h at 185mA. Western blot analysis was carried out as previously described (QuantRussell et al., 1987) . The polyclonal antiserum against bovine red blood cell ubiquitin (Sigma) was used at a dilution of 1:100. Bovine red blood cell ubiquitin was also used as a control on the Western blot. For DNA sequence analysis, restriction fragments were subcloned into pBlueScribe (Stratagene) modified by the addition of a BgllI site (Gombart et al., 1989) . Double-stranded plasmid DNAs were sequenced using [35S]dATP and Taq polymerase (Promega) by a modified dideoxynucleotide chain termination method (Sanger et al., 1977; Toneguzzo et al., 1988) . Exonuclease III deletion mutants were produced using the method of Henikoff (1987) . The DNA was sequenced in both directions.
A 3 kb HindIII/BgIII fragment located between map units (m.u.) 17.7 to 20-35 ( Fig. 1) was sequenced, analysed, and found to contain five major probable open reading frames (ORFs), each preceded by a baculovirus late promoter element (A/G/T TAAG) ( Fig. 1 and 2) . A sixth probable ORF is located at the 5' end of the region and the amino terminus of its product is encoded upstream of the region sequenced ( Fig. 1 and 2 ).
Computer analysis (Brutlag et al., 1990) of the sequence showed that it is homologous to a region in AcMNPV that contains six putative genes which include ORFs for the viral ubiquitin gene and the nuclear matrix-associated protein gene (pp31 or 39K) (Guarino & Smith, 1990) . Homologues to five of these genes were identified in the OpMNPV gene region. Although a high degree of similarity was observed for these genes, the regions are oriented in opposite directions in the two viruses. The amino acid sequence comparisons of the ORFs are shown in Fig. 3 . ORF 7 is an incomplete presumptive ORF that shows 72 % amino acid sequence identity for a stretch of 178 amino acids (J. Kuzio, personal communication). In the sequence reported by Guarino & Smith (1990) , this ORF is truncated owing to a frameshift that resulted in the protein being shortened by approximately 80 amino acids. The OpMNPV and the AcMNPV ORF 5 encodes predicted proteins of M r 14.4K and 13.1 K, respectively, and the ORFs demonstrate 46% amino acid sequence identity (Fig. 3) . The product of OpMNPV ORF 5 has an 18 amino acid extension at the carboxy terminus that overlaps the amino terminus of the 39K gene (Fig. 2) .
The OpMNPV nuclear matrix-associated protein (39K) gene encodes a predicted protein of M r 30K that has approximately 56 % amino acid sequence identity with the AcMNPV protein (Fig. 3) . The genes in both OpMNPV and AcMNPV have tandem early and late promoter motifs [Fig. 2, nucleotide (nt) 666] and an early transcription start site consensus sequence (nt 694; CAGT) . In vitro transcription (Glocker et al., 1992) using the OpMNPV 39K DNA as a template produced run-off transcripts consistent with the OpMNPV 39K gene having the capacity to be expressed as an early gene and initiating at the CAGT start site (data not shown). A four amino acid mini-gene downstream of the pp31 (39K) early initiation site in AcMNPV was not present in OpMNPV.
A gene with a high degree of homology to ubiquitin was located downstream of the 39K genes in both OpMNPV and AcMNPV ( Fig. 1 and 2 ). Cellular ubiquitin occurs as either an unconjugated moiety or covalently linked to a number of different cellular proteins and is involved in regulatory phenomena such as cell cycle regulation, DNA repair and the stress response (Finley & Chau, 1991) . Many proteins that become linked to ubiquitin are targeted for degradation. The ubiquitin of animals contains 76 amino acids, is invariant between species, and has 96 to 99 % identity with the ubiquitins of yeast and plants (Finley & Chau, 1991) . The first 76 amino acids of the OpMNPV ubiquitin homologue demonstrate 79% identity with animal ubiquitin and 84 % identity with AcMNPV ubiquitin (Fig. 3) . In the putative proteins from the viral ORFs, there are regions located between amino acids 15 and 31 and between 51 and 57 that vary from the animal ubiquitin sequence. The lysine residue at amino acid 48, which is involved in ubiquitin conjugation to form multi-
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In some instances, the ubiquitin gene is found linked in-frame at its 3' terminus to another gene. The ubiquitin-containing fusion proteins are cleaved to release free ubiquitin and the C-terminal protein. It is thought that this arrangement may be a method of producing ubiquitin and regulating the expression of the non-ubiquitin component (Finley & Chau, 1991) . O p M N P V ubiquitin has a 16 amino acid tail which is not present in AcMNPV. The N-terminal 77 amino acids of O p M N P V ubiquitin show about 80 % identity with the ubiquitin moiety of ubiquitin-ribosomal protein $27a fusion proteins of barley, tomato and Arabidopsis thaliana (Gausing & Jensen, 1990; Hoffman et al., 1991; Callis et al., 1990, respectively) . The ribosomal protein component of the ubiquitin-S27a fusion protein comprises 80 amino acids, and an initial portion of this sequence is similar to the carboxy terminus of O p M N P V ubiquitin (Fig. 3) . . Western blot analysis of ubiquitin in uninfected and OpMNPVinfected L. dispar cells. Cells were infected as described . The numbers on the left indicate the position and sites of prestained M r markers (BRL) on the blot. The location of the infection-specific 73K band and ubiquitin (1.5 gg) are shown on the right.
To examine the ubiquitination pattern of proteins extracted from L. dispar cells, and to determine whether this pattern is altered during virus infections, extracts from uninfected and OpMNPV-infected ceils were subjected to Western blot analysis with a polyclonal antiserum against animal ubiquitin and were compared to ubiquitin alone (Fig. 4) . Extracts from uninfected cells showed a number of faint bands, most of which persisted throughout the infection. A band of 73K was first evident at 12h post-infection (p.i.) and increased substantially by 24 h p.i.
A 627 nt O R F (23.9K) preceded by a late promoter element (ATAAG), the protein of which has 52 % amino acid sequence identity to the AcMNPV O R F 2 product (Fig. 3) , was also present in the ubiquitin region ( Fig. 1  and 2 ). The first 62 amino acids of the putative A c M N P V O R F 2 protein had only 14 % identity with the O p M N P V sequence. The remainder of the protein, however had 63 % amino acid identity with the O p M N P V O R F 2 protein. Immediately upstream of the O p M N P V O R F 2 (but downstream of the late promoter) is a mini-gene encoding 17 amino acids with an A T G in good context for its transcription and which terminates at the codon immediately before the ORF2 A T G (Fig. 2) . A c M N P V has an O R F with an A T G at the same position that is very similar to the O p M N P V mini-gene (14 of 17 amino acids) but which extends for a further 60 codons, overlapping O R F 2 (Fig. 1 b) . Located within and in the opposite direction of OpMNPV ORF 2 is a 357 nt ORF (called 2208) preceded by a late promoter element (GTAAG). Preliminary investigations suggested that this ORF encoded a structural protein but this was not confirmed by more extensive analyses (data not shown).
An ORF similar to the AcMNPV ORF 1 was not present in the region sequenced (Fig. 1) or in the first 1.2 kb of the OpMNPV HindIII-R fragment downstream (data not shown). At the right end of the HindIII-I fragment is a region of repeated DNA (Fig. 1 a and 2 ) that contains ten 29 bp repeats within HindIII-I and extends into the HindIII-R fragment with an additional six repeats (data not shown), for a total of 16 repeats spanning about 500 bp of DNA.
The results of this investigation confirm the diversity of OpMNPV and AcMNPV sequences. Although the OpMNPV 17.7 to 20.35m.u. region shows a gene organization similar to the corresponding AcMNPV region, there are a number of major differences. The regions are oriented in opposite directions, OpMNPV has a highly repeated sequence downstream of ORF 2, and ORF 1 is not present in this region in OpMNPV (Fig. 1) . OpMNPV also lacks a mini-gene upstream of the main 39K ORF, has an 18 amino acid tail on its ubiquitin ORF, and has a mini-gene encoding 18 amino acids upstream of ORF 2 (Fig. 1) . In AcMNPV this mini-gene encodes an extension of a further 60 amino acids, forming a substantial overlap with ORF 2. Our data indicate that baculovirus ubiquitins are more variable than are the ubiquitins of animals, and we have also demonstrated that there is a major change in the patterns of proteins reacting with ubiquitin antibody during the viral infection cycle. The role of viral ubiquitin in the ubiquitination of proteins remains to be elucidated.
